ABSTRACT Temperature-gradient gel electrophoresis (TGGE) was employed to determine the thermal stabilities of 48 DNA fragments that differ by single base pair mismatches. The approach provides a rapid way for studying how specific base mismatches effect the stability of a long DNA fragment. Homologous 373 bp DNA fragments differing by single base pair substitutions in their first melting domain were employed. Heteroduplexes were formed by melting and reannealing pairs of DNAs, one of which was 32P-labeled on its 5'-end. Product DNAs were separated based on their thermal stability by parallel and perpendicular temperature-gradient gel electrophoresis. The order of stability was determined for all common base pairs and mismatched bases in four different nearest neighbor environments; d(GXT) d(AYC
INTRODUCTION
Non Watson-Crick or 'mismatched' base pairs occur during DNA replication, genetic recombination and from chemical reactions in cells (1, 2, 3) . The frequency at which a base pair becomes a mutation depends on the frequency of mismatch formation, and the efficiency of mismatch removal by proofreading or repair. Statistical analysis of extant genes and pseudogene sequences indicate that spontaneous mutations do not occur with equal rates for all base pairs (4) . The type of base pair substitution and the local sequence environment influence mutation rates. How neighboring base pairs eftect the structure and/or stability of a base pair mismatch may be important to understanding the mechanisms that lead to spontaneous mutations.
In recent years, a number of investigations have examined the stability and structure of mismatched base pairs in short DNA duplexes (5) (6) (7) (8) (9) (10) (11) (12) . Nuclear magnetic resonance spectroscopy, Xray crystallography, and UV absorbance melting studies have been employed. The stability of all mismatched bases were examined in two sequence environments (6, 13, 14) . Results indicated that the stability and structural properties of a mismatch are influenced by its neighboring base pairs (1) . No systematic study has yet to be reported on the effects of different single mismatches on the stability of long DNAs. The influence of end effects on the properties of short DNA duplexes make such a study desirable.
In addition to its interest with regard to mechanisms of spontaneous mutation, the influence of a mismatch on DNA stability is also relevant for methods that rely on thermal stability differences to separate DNAs with similar sequences. Knowledge of how a mismatch alters the stability of a DNA sequence can help optimize conditions in the selective binding of an oligonucleotide to a DNA site (15) . TGGE and denaturant gradient gel electrophoresis (DGGE) are becoming widely used to detect single base mutations (16) (17) (18) (19) . The large effect of mismatched base pairs on DNA stability provides a sensitive means of detecting base pair changes (20) . Understanding how a mismatch and its neighbors effect DNA stability can help identify the nature of a mutation.
In this work we have employed a vertical TGGE format (21) 
TGGE
The apparatus for running the vertical temperature-gradient gel was described previously (21 The relative stability of DNAs were determined with the temperature gradient parallel to the direction of electrophoresis. DNA samples migrated from low temperature (top) to higher temperature (bottom) from 1 cm wells. For perpendicular temperature gradient gels, the DNA samples were loaded into a long well along the top of the gel. The electrophoretic direction was perpendicular to the temperature gradient. Mobility transition curves of duplex DNAs to their partially denatured states were detected as a decrease in mobility with increasing temperature (see figure 7 ).
Temperatures were evaluated in the gels with a needle-like thermocouple probe (TMTSS-020-6, Omega Inc.) connected to a digital thermometer (MDSD-465, Omega Inc, accuracy estimated as ± 0.1°C). Measurements were made at two position at the end of each transition run. The gels were stained with ethidium bromide and photographed. The positions where the temperature probe had been inserted were observed in the photograph and provided a temperature scale.
Photographs of the mobility transition curves were digitized and scaled using a digitizer tablet (SummaSketch II), and transmitted to a microcomputer. Transition curves were smoothed by the 'smoothlowess' function in the Axum graphics analysis package (Trimetrix Inc., Seattle, Wash.). This is based on a locally weighted regression analysis (23) . The Figure 1 describes the method employed to determine the relative stability of DNAs differing by single base pairs or mismatches. Two DNAs differing by a base pair substitution were produced by PCR. One DNA was 32P-labeled on the 5'-end of its downstream primer strand. The DNAs were heated for three minutes at 97°C, reannealed at 54°C for at least 10 minutes, and allowed to slowly cool to room temperature. The four resulting DNAs were analysed by parallel TGGE. Following electrophoresis, the gel was stained with ethidium bromide. DNA bands were located on a UV-transilluminator, excised, and their radioactivity measured by scintillation counting. Identities of the DNA bands were established from the radioactively labeled bands. Confirmation of band identities was made by switching the DNA that contained the labeled strand and/or by running one of the homoduplex DNAs in an adjacent lane. [3] [4] [5] [6] show that both the bases at a mismatched site and the neighboring stacking interactions influence the destabilization caused by a mismatch. The least destabilizing base in a mismatch is G and the most destabilizing base to have in a mismatch is C. A similar observation was made in a systematic study of mismatches in the oligomer d(CT3XT3G) d(CA3YA3G) (6) . In general our results show that purine * purine (both homo-and hetero-) mismatches are more stable than pyrimidine * pyrimidine mismatches. The most stable mismatch is different for different nearestneighbor environments. G T is the most stable mismatch for positions -39 and -43. GeA and G¢G are the most stable mismatches for positions -38 and -36 respectively. NMR and X-ray crystallographic studies indicate that both G * T and G * A pairs can form two hydrogen bonds and stack within a DNA Bconformation duplex with relatively little distortion (1) . Studies on DNA duplex oligomers with G -A mismatches indicate that intrahelical base pairing occurs but that the nature and extent of helix distortion is strongly sequence dependent (7, 24) . Our results confirm a sequence dependence on the properties of the G A mismatch.
RESULTS

T-C, G-A, T-A, G-C, 3) T-T AND A-A, T-A, A-T, 4) CC, G-G, C-G, G-C, 5) C-A, T-G, T-A, C-G, 6) C-T, A-G, A-T,
Results from the TGGE studies are in good agreement with available data on mismatch stabilities in short DNA oligomers.
NMR studies (24) Table 1 shows a similar but not identical rank order of stability at position -43. The most significant difference is the relative ranking of A -A which is more stable in the DNA fragment than in the oligomers. The differences are not due to mobility differences of mismatched DNAs. In the absence of temperatures sufficient for melting, all DNA fragments have the same mobility. This is best illustrated in the perpendicular gels such as figure 7. Prior to the onset of melting the DNAs had the same mobility. Potential causes for the differences are discussed below. Perpendicular TGGE experiments display the mobility transitions of intact double-stranded DNA to the denatured state. Figure 7 shows transition curves of five of the DNAs examined.
The initial increase in mobility with increasing temperature prior to the main transition is due to the effect of temperature on the gel. The sigmoidal decrease in mobility is due to the unwinding of DNA strands. The temperature range was selected to include the first melting domain of the 373 bp DNAs. The two leftmost transitions in figure 7 correspond to DNAs contain C * C or G * G (16, 26, 27, 28, 29) . The heirarchy of mismatch stabilities in Table 1 is also in relatively good agreement with data available from DNA oligomer melting studies in aqueous solutions. For the d(GXG) environment the heirarchy of stability is the same as that observed for four mismatches studied in a DNA oligomer (24) . The most stable and least stable mismatches we observe for the d(TXT) * d(AYA) environment are also among the most and least stable mismatches observed in DNA oligomer melting studies (6, 14) . However, as described earlier, the stability ranking of several mismatches in this environment differ between the fragment and oligomer data. The discrepancies do not appear to be from measurement uncertainties. TGGE indicate that the G¢T mismatch is more stable than the G G mismatch. This agrees with the 2.3°C separation in melting curves of related DNA oligomers (14) . Yet TGGE can not separate DNA fragments with G . A and T . G mismatches, although DNA oligomer melting studies show the T G mismatch to be more stable than G-A by 2.8°C (6, 14) .
Several possible causes exist for the descrepancies in the mismatch rank order between the oligomer and fragment data for d(TXT) * d(AYA). An obvious possibility is the difference in solutions employed. The urea-formamide solution may alter the relative stability of some mismatches when compared to NaCl solutions used for the oligomer studies. Another consideration is the oligomer vs. polymer contexts of the studies. Different mismatches may differentially influence the duplex-strands dissociation step which is assumed to be a two state process for all oligomers. This step dominates DNA oligomer melting. It is absent in the unwinding of a fragment's first melting domain.
The influence of the twelve possible mismatched bases on DNA stability varies with nearest neighbor environment. For the four sites examined G T, G G, and G'A pairs are always among the most stable mismatches, and the pyrimidine pyrimidine mismatches are among the least stable. However the specific mismatch that creates the most or least instability depends on the neighboring sequence (Table 3) . Results from this and related work should be of value for methods that utilize DNA duplex formation for sequence-specific recognition. Competitive oligonucleotide priming (15) 
